Murine B cell development begins in bone marrow and results in the generation of immature transitional B cells that transit to the spleen to complete their maturation. It remains unclear whether the same developmental pathway takes place in humans. Using markers characteristic of human bone marrow immature B cells, we have identified a population of circulating human B cells with a phenotype most similar to mouse transitional type I (T1) B cells, although these human counterparts express CD5. These cells die rapidly in culture, and BAFF does not effect their survival regardless of B cell receptor (BCR) stimulation. In contrast, bone marrow stromal cells or IL-4 significantly enhanced their survival. In the presence of T cell signals provided by IL-4 or CD40 ligation, BCR stimulation can induce progression into cell cycle. Interestingly, circulating B cells that phenotypically and functionally resemble murine T2 B cells are found in cord blood and adult peripheral blood suggesting that B cell maturation may not be restricted to the spleen. Notably, increased proportions of T1 B cells were found in blood of patients with systemic lupus erythematosus (SLE), although bone marrow production and selection appeared to be normal.
Introduction
Primary B cell development takes place in the bone marrow where immature B cells must generate a functional B cell receptor (BCR) and overcome negative selection induced by reactivity with autoantigens [1] [2] [3] . In mice, approximately 10% of immature B cells survive these processes and emerge from the bone marrow expressing surface IgM and IgD 4 . These immature "transitional" B cells transit to the spleen where they mature to become responsive to BCR-mediated signaling [5] [6] [7] [8] [9] . Only a fraction of cells survive this process of secondary (peripheral) B cell development 10, 11 . Cell surface markers have been identified that enable different stages of peripheral B cell maturation to be characterized. In mice, heatstable antigen (HSA, CD24) was used to distinguish immature (CD24hi) from mature (CD24lo) splenic B cells 12 . Additional cell surface markers have been used to subdivide murine splenic transitional B cells into two distinct populations; transitional T1 (CD24hi, CD21lo, CD23lo, IgMhi, IgDlo) and transitional T2 (CD24hi, CD21hi, CD23hi, IgMhi, IgDhi) 5 . An alternative classification defines three types of transitional B cells using reactivity to a C1q receptor related protein to identify immature B cells and CD23 and IgM to distinguish T1 (CD23-, IgMhi), T2 (CD23+, IgMhi) and T3 (CD23+, IgMlo) 7, 11 . Importantly, T1 B cells are found in the bone marrow, blood and spleen, but not lymph nodes, whereas T2 B cells are restricted to the spleen. Moreover, in vivo transfer experiments demonstrate that T1 cells give rise to T2 cells and B cells with a mature phenotype 5, 8 . Most studies demonstrate that T2 cells increase in size, upregulate survival signals, proliferate and differentiate upon BCR ligation, whereas T1 cells die 5, 9, 13 . Finally, B cell activation factor member of the TNF family (BAFF) plays an integral role in the survival and maturation of murine B cells, although it remains unclear if it affects T1 or T2 B cells 14 .
Most of the knowledge on primary and peripheral B cell development is derived from mice. Many aspects of development in bone marrow appear similar in humans, however, our understanding of peripheral B cell development is remarkably limited. As a first step in a systematic approach to address this issue, we have identified and characterized the phenotype and function of human transitional B cells from peripheral blood. Human transitional T1 B cells show some similarities, but some significant differences compared to their counterparts in murine spleen. Moreover, the presence of circulating B cells that resemble T2 B cells with respect to both phenotype and function suggests that human B cell maturation may not be restricted to the spleen. Finally, we found increased proportions of T1 B cells in patients with systemic lupus erythematosus (SLE) that reflected peripheral lymphopenia rather than abnormalities in bone marrow production or selection in these patients with autoimmune disease.
Materials and Methods

Clinical samples.
Blood samples were obtained from normal, healthy adult donors of various age, sex and race, and 19 patients with SLE. At the time of collection, one patient was untreated with active lupus, the others were treated with low dose glucocorticoids with or without hydroxychloroquine and had a SLEDAI score of 0-18. Bone marrow aspirates were obtained from healthy donors. 
Pharminogen, San Diego, CA), anti-CD19-PerCpCy5.5, anti-CD9-PE, anti-CD38-PE, anti-CD38-APC (clone HB7), anti-CD23-PE, anti-CD11b-APC, anti-mouse B220-APC (Becton Dickinson Immunocytometry, San Jose, CA), anti-IgM-PE and anti-CD32-PE (Serotec, Raleigh, NC), anti-CD24-PE, anti-CD22-PE and polyclonal anti-IgA-FITC (Caltag Laboratories, Burlingham, CA), anti-CD21-FITC, and rat IgM anti-CD77 was detected with goat anti-rat IgM-PE (Immunotech, Marseille). Anti-TACI-biotin, anti-BCMA-biotin, unconjugated goat anti-BR3 (R&D Systems, Minneapolis, MN) and anti-IL6R-biotin (Bender Medsystems, San
For personal use only. on October 31, 2017. by guest www.bloodjournal.org From Bruno, CA) staining was detected with Streptavidin-PE, FITC or APC (Southern Biotechnology Associates, Birmingham, AL) or rat anti-goat-FITC (Jackson ImmunoResearch, West Grove, PA). Annexin V-FITC (Becton Dickinson Pharminogen) and 7-aminoactinomycin (7-AAD, Molecular probes, Eugene, OR) were used to assess apoptosis and cell death. Stained cells were washed and data were collected immediately using a four-color FACScalibur (Becton Dickinson Immunocytometry) or fixed in 1% paraformaldehye and analyzed within 24 h. Data were analyzed using FlowJo software (TreeStar, Stanford University, CA). B cell populations were sorted using the Dako Cytomation MoFlo (Fort Collins, CO).
Tissue culture and cell cycle analysis B cell populations were cultured in 96-well plates at 5x10 5 cells/ml in 100 µl volumes of culture medium (10% FCS in RPMI medium with L-glutamine, Penicllin-Streptomycin) alone or supplemented with various cytokines and stimuli; IL-2 (10 ng/ml) (Biological Research Branch, DCTD, NCI-Frederick, MD), IL-3 (200 ng/ml), IL-4 (100 ng/ml), IL-5 (200 ng/ml), IL-7 (200 ng/ml), IL-10 (200 ng/ml), and anti-CD40 (1 µg/ml) (R&D Systems), BAFF (200 ng/ml) (Apotech, San Diego, CA), goat F(ab') 2 anti-IgM (10 µg/ml) (Jackson ImmunoReseach). B cells were also cultured with semi-confluent S13 mouse bone marrow stromal cells (a gift from Dr. Virginia Gulino, National Cancer Institute, Bethedsa, MD). The caspase inhibitor z-VAD was used at 20µM (EMD Biosciences, San Diego, CA). Cell cycle analysis was performed using 0.05 mg/ml propidium iodide in hypotonic sodium citrate 15 with 1800 units/ml Ribonuclease A (Worthington Biochemical Corp, Lakewood, NJ).
Examination of immunoglobulin (Ig) heavy chain gene sequences
Single-cell PCR was used to amplify rearranged heavy chain Ig genes from genomic DNA. Briefly, single cells were lysed with Proteinase K, and subjected to a linear-preamplification step using random primers 16 . An aliquot of this reaction was used in two rounds of PCR. In the first round, primers were targeted to VH3 (5'-CCATGGAGTTKGGGCTGAG-3') and VH4 (5'-GAAACACCTGTGGTTCTTCCC-3') leader sequences, and an intronic consensus site downstream of the JH genes (5'-ACCTGAGGAGACGGTGAC-3'). In the second, primers were targeted to the leader/FRW1 of VH3 (5'-GTCCAGTGTSAGGTGCAGC-3') or VH4 (5'-GGTGCAGCTGCAGGAGTCG-3') genes, and JH1/2 (5'-TGAGGAGACGGTGACCAGGGTGC-3'), JH3 (5'-TGAAGAGACGGTGACCATTGTCCC-3'), JH4/5 (3'-TGAGGAGACGGTGACCAGGGTTCC-3') and JH6 (5'-TGAGGAGACGGTGACCGTGGTCC-3') gene segments. PCR products were directly sequenced using Big Dye Terminator v1.1 Cycle sequencing kit with a 3100 capillary sequencer (Applied Biosystems, Foster City, CA). Sequences were compared to germline immunoglobulin genes using the web-based immunoglobulin V-gene analysis program JoinSolver 17 to examine CDR3 characteristics and the frequency of V H mutations.
Results
Identification of immature B cell markers
We initially examined human bone marrow to identify B cell markers that would be useful in the characterization of the earliest bone marrow emigrants. Immature CD19+, CD21-, CD23-B cells were found to be CD10+, CD38hi, CD24hi and CD44lo compared to other bone marrow B cell populations (Fig. 1A) . Consistent with the expression profile of mature circulating B cells, the majority of CD19+ CD38 neg/lo bone marrow B cells were CD20+, IgM+ and IgD+ (Fig. 1B) . CD38hi immature B cells expressed variable amounts of CD20 and IgM consistent with an increase in expression of these markers during early B cell development (Fig.  1B) . Essentially all CD20hi, CD38hi B cells expressed IgM and IgD indicating that these cells had completed bone marrow maturation. The profile of IgD and CD38 staining and the somewhat reduced CD10 expression also suggested that IgD+ CD38hi immature B cells were immediately derived from IgD-CD38hi pre/pro B cells (Fig. 1C) . Interestingly, expression of IgD is also associated with expression of CD5 by these immature B cells (Fig. 1C) . Importantly, a similar profile of immature markers was also found on a subset of CD21lo and CD23-cord blood B cells, a population composed almost entirely of immature/naïve B cells (Fig.  1D) . 
A small population of peripheral B cells expresses a T1 B cell phenotype
Immature B cells were sought in adult peripheral blood initially by employing two of the markers characteristic of bone marrow and cord blood immature B cells, namely the expression of IgD and the increased expression of CD38 (Fig. 2) . The phenotype of IgD+ CD38hi B cells from peripheral blood of normal volunteers was consistent with expression of markers found on immature B cells from bone marrow and cord blood; they were CD10+, CD44lo and CD24hi relative to mature naïve B cells (Fig. 2 ). These immature B cells were also CD21lo, CD23lo, IgMhi and CD62Llo (Fig. 2) , a phenotype that is consistent with mouse transitional type 1 (T1) B cells. A variety of other markers were also examined. Relative to naïve B cells, these putative T1 B cells expressed lower levels of CD40, CD22, CD124 and BR3. They were also negative or expressed a low density of CD27, CD77, CD80, CD86, CD69, CD11b, CD95, TACI, BCMA and a moderate density of CD19, B220 and CD32. These cells also expressed increased densities of CD20, CD5, CD43, and CD9 (a marker also expressed on immature bone marrow B cells, data not shown) relative to naïve B cells, and kappa or lambda light chains. With the notable exception of CD5 and CD43, the phenotype of these peripheral immature B cells was congruent with that of mouse splenic T1 B cells. 
Circulating IgD+ CD38hi B cells are not pre-germinal center B cells or plasmablasts
A small population of tonsil IgD+ B cells express a high density of CD38 and are thought to be pre-germinal center (pre-GC) B cells 18 . Notably, we found that CD38 expression on tonsilar pre-GC B cells is somewhat less than on peripheral T1 B cells (Fig. 3A) . CD10 was expressed at similar levels on both T1 B cells and tonsil pre-GC B cells, but there were significant differences with respect to many other markers. Tonsil pre-GC B cells (and GC B cells) were mostly CD27+, CD24lo, CD95+, CD21hi, CD32lo, CD5-, CD80+, CD62Lhi and CD22hi, and 33% of these cells also expressed the GC-specific marker CD77 (Fig. 3A) . This is in contrast to circulating IgD+ CD38hi T1 B cells that were clearly CD24hi, CD27-, CD95lo, CD21lo, CD32hi, CD5+, CD80-, CD62Llo, CD22lo and CD77- (Fig. 2 ).
Since T1 B cells and circulating plasma cells express high levels of CD38, we examined the expression of plasma cell markers to ensure that these IgD+ CD38hi cells are not plasma cells expressing surface IgD. T1 B cells are small and do not express CD27 or IL-6R, little or no BCMA and TACI, and significantly less CD38 and BR3 compared to peripheral circulating plasma cells (Fig. 3B) . Moreover, T1 B cells were CD20hi and expressed normal levels of CD19 (Fig. 2) , whereas both these markers were down regulated on plasma cells. Finally, the frequency of peripheral IgD+ CD38hi T1 immature B cells did not appear to alter appreciably following immunization with influenza vaccine (in alum), whereas there was a significant increase in the proportion of peripheral plasma cells (Fig.  3C ). Together these results confirm that peripheral blood IgD+ CD38hi B cells are not pre-GC or plasma cells, but are likely to be the human equivalent of murine T1 B cells. 
Increased frequencies of immature T1 B cells are found in cord blood and the peripheral blood of SLE patients
Since B cell populations are perturbed in SLE patients, we examined the frequency of T1 B cells in patients' blood. SLE patients had significantly higher proportion of T1 B cells compared to normals (6.7%±1.8 versus 2.2%±0.4; mean%±SEM). The highest proportions of T1 B cells were found in cord blood (13.6±4.3) (Fig. 4A) . The T1 B cell phenotype from each of these sources was equivalent. Among the SLE patients, the proportion of immature T1 B cells did not correlate with disease activity (SLEDAI) or other disease associated factors such as autoantibody levels, frequency of circulating plasma cells, erythrocyte sedimentation rate, and levels of circulating complement or C-reactive protein.
However, there was an inverse correlation with the total lymphocyte count (R2=0.584, p=0.002) (Fig. 4B) . As a result, the absolute numbers of T1 B cells were similar, or only occasionally elevated, compared to healthy controls. (A) The relative frequency of T1 B cells was determined for term cord blood (n=10), and the peripheral blood of healthy adult donors (n=29) and patients with systemic lupus erythematosus (n=18). Significant differences using the nonparametric Mann-Whitney U test were detected at P<0.01 (**) and P<0.001(***). (B) A linear regression plot shows that the frequency of B cells with a T1 B cell phenotype is inversely proportional to the absolute number of peripheral lymphocytes.
Gradation of expression of markers from T1 B cells to mature naïve B cells
Cell surface staining also revealed that there was a continuum in the expression of the immature and transitional B cell markers between T1 B cells and mature naïve B cells in normal peripheral blood and cord blood (Fig. 5) . "Intermediate" B cells expressed higher levels of CD38, CD24, CD10 and IgM compared to naïve B cells but had similar levels of CD21. Interestingly, these intermediate B cells expressed increased levels of IgD and an overall phenotype that resembled the phenotype of murine T2 B cells. These cells were more prominent in cord blood than normal peripheral blood, and were relatively infrequent in bone marrow. 
Survival of human T1 B cells was improved by IL-4 and stromal cells but not BAFF
Two independent sorting strategies were devised to isolate peripheral T1 B cells, naïve mature B cells and "intermediate" B cells, without using antibodies against IgD or IgM that could potentially stimulate the cells through the BCR (Fig. 6A) . In the absence of further stimulation, forward/side scatter characteristics and Annexin V/7-AAD staining demonstrated that the majority T1 B cells were dead or dying following 24h in culture, whereas mature B cells were mostly viable (Fig.  6B) . The pan-caspase inhibitor z-VAD could not block this rapid cell death (data not shown). Various culture conditions were examined to determine whether survival of T1 B cells could be enhanced. Soluble BAFF had no significant effect on survival of either T1 B cells, intermediate or mature B cells after 24h in culture, and only modest improvements in cell viability were apparent after 3 days (Fig. 6C) . Notably, however 200ng/ml of BAFF was sufficient to improve viability of both peripheral and splenic B cells, and increase Ig production (Fig.  S1 ). IL-4 significantly improved survival of both T1, intermediate and mature B cells (Fig. 4C) , whereas IL-2, IL-3, IL-7 and IL-10 had no effect on survival of T1 B cells (data not shown). Interestingly, the viability of T1 B cells was dramatically improved when cultured with bone marrow stromal cells. This action was probably mediated through cell-to-cell contact since stromal supernatants were unable to maintain the viability of these cells (data not shown). and mature B cell populations were cultured in medium alone or with the addition of either BAFF (200 ng/ml), IL-4 (100 ng/ml) or cultured on mouse S13 bone marrow stromal cells. After 24 hours or 3 days in culture, the cells were examined for viability by flow cytometry using forward/side scatter characteristics or 7-AAD exclusion. The data show the means ± SEM of at least four independent experiments. Unpaired T-tests were used to detect significant differences (*P<0.05, **P<0.01).
T1 B cells have reduced capacity to enter cell cycle
In the absence of stimulation, T1 B cells maintained a diploid DNA content (Fig.  7) , despite extensive cell death during culture (Fig. 6) . Notably, subdiploid DNA was not apparent at earlier time-points (12 or 24h). Upon anti-IgM or antiIgM/BAFF stimulation, T1 B cells did not significantly progress into cell cycle but apoptosis was induced, whereas both cell cycle progression and apoptosis were induced in intermediate and mature B cells (Fig. 7) . However, with IL-4/anti-IgM or anti-CD40/anti-IgM stimulation, T1 B cells did enter cell cycle, although the capacity to do so was significantly less than noted with the mature B cells. Activation induced apoptosis was also associated with increased proliferation for all B cell populations. 4A ) were cultured alone or stimulated with various combinations IL-4 (100 ng/ml), anti-IgM (10 µg/ml), anti-CD40 (1 µg/ml) or BAFF (200 ng/ml) for 48 h. Afterward hypotonic propidium iodide staining was carried out to determine apoptotic and cycling cells. Forward/side scatter and FL2 width gating were used to gate out nuclear fragments and doublets respectively, and the FL2 area was examined to identify the frequency of sub G0/G1 apoptotic cells and S/G2 cycling cells. A
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representative experiment is shown in the top panel, and the means ± SEM of four independent experiments is shown in the bottom panel. Unpaired T-tests were used to detect significant differences (*P<0.05, **P<0.01).
T1 B cells have unmutated Ig genes
We next examined characteristics of Ig heavy chain genes from bone marrow, and peripheral blood B cell populations from an SLE patient and normal control. Since there were no differences within peripheral B cell subsets with respect to gene usage or CDR3 characteristics between the control and the SLE donor, these data were pooled. Bone marrow pre/pro B cells, bone marrow and peripheral T1 B cells as well as intermediate B cells had essentially unmutated V H genes, whereas mutations were readily detected in the majority of bone marrow plasma cells and peripheral memory B cells ( Table 1 ). The repertoire of V/D/J segments of T1 B cells was unremarkable and typical of peripheral B cells, except for a small increase in JH6 usage (Fig. S2) . However, T1 B cells were significantly different from bone marrow pro/pre B cells with respect to CDR3 length and the frequency of positively charged arginine residues in the CDR3 (Table 1 ). There was no evidence of additional selection occurring between the T1 B cell subset and the intermediate or mature B cells, but CD27+ memory B cells did have a shorter CDR3. The number of sequences in brackets were derived from an SLE patient with an abnormally high proportion (17%) and absolute number of T1 B cells. Since there were no significant differences between the normal donor and the SLE patient with respect to the repertoire or the characteristics of the CDR3, these data were pooled. c The mean ± SEM for the CDR3 length, N-addition and the number of arginines in the CDR3 are given. N-addition was only determined from sequences where a D segment with at least nine consecutive base match could be identified. Significant differences were determined using unpaired t-tests. The CDR3 length and the mean N-addition at the V-D join of non-productively rearranged immunoglobulin genes were significantly greater (P<0.05) than the productive rearrangements from the combined B cell subsets. The difference in the CDR3 length between the pro/pre and T1 bone marrow B cells subsets was not significant (P=0.054). However, if the T1 B cells from the bone marrow and peripheral blood were pooled, the CDR3 length and
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Discussion
In mice, transitional B cells bridge primary B cell development in bone marrow and B cell maturation in the spleen, and are the target of negative selection 19 . One difficulty identifying human immature transitional B cell subsets is that no single unique phenotypic marker has been found. Moreover, a number of markers expressed by immature B cells are upregulated on human B cells following activation or differentiation, thereby making their precise identification of transitional B cells problematic.
To assist the identification of human transitional B cells, we found that CD10hi, CD44lo, CD24hi, and CD38hi expression was characteristic of all immature bone marrow B cells. CD38, CD10 and CD24, have been previously identified as immature B cell markers in human bone marrow [20] [21] [22] [23] , whereas the lower expression of CD44 was noted for the first time here. Importantly, about 8-10% of these cells also expressed IgD indicating that these markers could identify immature B cells in the bone marrow and recent bone marrow emigrants. Consistent with this interpretation, was the finding that CD10+ B cells are the first to emerge in the periphery seven weeks after bone marrow transplantation 23 . Further phenotyping revealed that approximately 14% of cord blood B cells and 2% of peripheral B cells expressed these immature B cell markers and a phenotype similar to that described for murine transitional type I (T1) B cells: these cells are CD19+, CD24hi, CD21lo, CD23neg/lo, IgMhi, IgDlo/int and CD62Llo 5 . The increased expression of CD20 and reduced expression of CD40 and CD22 was found on these human B cells have also been reported on murine T1 B cells 5, 8, 24, 25 . The lack or diminished expression of activation markers, such as CD69, CD11b, CD80, CD86 and CD95, compared to memory or recently activated B cells indicates that these cells are unlikely to have responded to antigen recently. The absence of both CD27 expression and Ig somatic hypermutation demonstrates that these cells are not memory B cells 26 .
There were differences between murine T1 B cells and their putative human counterparts. Human T1 B cells expressed CD38 brightly and more CD23 than murine splenic T1 B cells, but less CD44 and CD95. In human peripheral blood, we noted that higher levels of CD44 were found on naive and activated B cells, and increased CD95 expression was restricted to memory B cells and circulating plasma cell populations. The most notable difference between murine and human T1 B cells was the expression of CD5 on the latter. CD5 expression is associated with a subset of murine B cells known as B1a cells that are predominately found in the peritoneum and express low affinity BCRs with autoreactive specificity 27, 28 . The immature markers on T1 B cells, particularly the increased expression of CD24, low expression of CD11b and their poor survival distinguishes them from murine B1a B cells 29, 30 . Moreover, Ig gene usage and substantial non-templated nucleotide addition are not characteristic of either murine peritoneal B1a cells or human fetal B cell repertoires [31] [32] [33] . Notably, the initial B cells emerging from bone marrow following human stem cell transplantation are CD5+ 34 . Therefore, we conclude that CD5-expressing immature B cells represent T1 B cells rather than B1a cells, and we suggest that these cells are the precursors of conventional B2 cells.
Using a recent classification of human peripheral B cells 18 , T1 B cells could be confused with 'pre-germinal center' (pre-GC) B cells since they are both IgD+ CD38hi. The pre-GC designation was based on previous classifications of tonsil B cells 35, 36 . As previously reported, we demonstrated that the expression of CD27, CD77 and somatic hypermutation of Ig genes of peripheral blood IgD+ CD38hi B cells was different from tonsil IgD+ CD38hi B cells 18, 26, 35, 37 . The expression of CD38 was higher on peripheral T1 B cells compared to tonsil pre-GC cells and many other significant phenotypic differences were observed. A small proportion of tonsil IgD+ CD38hi B cells could be T1 B cells since 5-10% are either CD27-, CD5+, or express higher levels of CD24. However, using fourcolor flow cytometry we were unable to determine conclusively whether this small proportion of tonsil B cells expresses the profile of T1 markers concurrently, and they could also represent blood contaminants. Since T1 B cells express low levels of the adhesion molecules CD62L and CD44 compared to mature B cells, we assume that their capacity to exit the circulation and enter secondary lymphoid tissue is limited, and their presence in tonsil is therefore, unlikely. Nevertheless, the expression profile of circulating T1 B cells and the relative stability of this population following immunization distinguish these cells from pre-GC and plasma cell precursors.
In agreement with our data, a recent review article indicated that human transitional B cells are CD19+, CD24hi, CD38hi, CD27-38 . However, it was also concluded that transitional B cells do not express CD10 and no data on CD21 and CD23 expression was provided 38 . This is in contrast to our data, and that of others who have found that peripheral blood IgD+ CD38hi B cells express CD10 18, 39, 40 . Moreover, we also demonstrated that peripheral IgDlo/int, CD38hi B cells besides expressing high levels of CD10 and CD24, manifest a phenotypic profile characteristic of mouse T1 B cells. Suggestions that CD24hi CD10+ B cells are circulating pro/pre B cells 38 are unfounded since they express surface IgD and Ig light chains, but not Rag1/2 mRNA (data not shown), and their heavy chain Ig repertoire is significantly different from pre/pro B cells. A population of CD10-, CD24hi B cells is present in blood and tonsil but these cells are CD38-/lo and CD27+ and therefore are memory B cells. In summary, the data are most consistent with the conclusion that CD10 expression is a characteristic of human T1 B cells.
Consistent with functional studies in mice, it was noted that BCR stimulation induced some apoptosis of human T1 B cells rather than proliferation 5, 8, 9, 13 .
However, human T1 B cells died rapidly in culture without any stimulation, a feature common to mouse splenic T1 B cells 6, 9, 13 . Despite positive staining for Annexin V, the process of this cell death did not appear to be apoptotic since it was not associated with DNA fragmentation and was not blocked by a broad caspase inhibitor z-VAD, consistent with necrotic cell death by neglect or G1 arrest. Therefore, circulating human T1 B cells appear more predisposed to passive cell death than BCR-mediated negative selection. This may represent a fundamental difference from murine splenic transitional B cells, in which spontaneous cell death is apoptotic 41 , or this difference could relate to contributions from the splenic environment.
Since B cell development is perturbed in BAFF-and BR3-deficient mice with an apparent block at the T1 B cell stage [42] [43] [44] [45] [46] [47] , the role of BAFF on human circulating transitional B cells was examined. Soluble BAFF was unable to enhance survival of human T1 B cells or prevent apoptosis induced by anti-IgM stimulation. This result is consistent with murine studies that have shown BAFF induced survival and differentiation of T2 B cells but not of their T1 precursors 6, 43 , but in contrast to a recent report that found murine T1 B cells could be matured after three days in culture with BAFF followed by anti-IgM stimulation 48 . In our experiments, even using 1µg/ml BAFF which is beyond normal physiologic or pathogenic levels 49 , the frequency of surviving cells was so low after this period in culture that we were unable to determine whether the few remaining cells had matured or were contaminants. The lower expression of BR3 on human T1 B cells may in part account for the lack of responsiveness to BAFF. This is compatible with murine data where lower levels of BR3 were also found on T1 B cells compared to T2 and marginal zone B cells, both of which responded to BAFF 25, 50 . Other studies on human B cells have also shown that BAFF has little effect on resting peripheral blood B cells but can improve the survival of plasmablasts and myeloma cells 6, 51, 52 . This is consistent with the increased survival and production of IgG that we noted from splenic B cells cultured with BAFF. Notably, the effects of BAFF on T1 B cells and naïve peripheral B cells appeared to be relatively minor compared to the enhanced survival provided by bone marrow stromal cells, and the potent effects of IL-4.
IL-4 significantly improved survival of T1 B cells, even though IL-4R was expressed at low levels. Importantly, we also found that IL-4 and anti-CD40 enhanced BCR-mediated cell cycle progression of T1 B cells. These data are consistent with murine studies that have shown that T cell signals can overcome BCR-mediated apoptosis of immature B cells and induce proliferation 3, 41, 53, 54 . The increased BCR-mediated proliferation fostered by T cell help was also associated with apoptosis, and may be comparable to the activation-induced cell death of human tonsil B cells 55 .
The increased BCR-mediated proliferation with IL-4 may relate to the significant improvement in survival afforded by IL-4R ligation. Intriguingly, preliminary results suggest that improved survival also coincides with down regulation of CD5 on T1 B cells (data not shown). These results are consistent with previous findings that IL-4 down-regulates CD5 expression on B cells 56 , CD5 can act as a negative regulator of BCR and TCR signaling [57] [58] [59] , and IL-4 enhances BCR stimulation by improving viability and by increasing the sensitivity of B cells to BCR signaling 60 . These results are all consistent with the conclusion that IL-4 and/or stromal cell influences play the major role in sustaining human T1 B cell viability and may promote their maturation.
Interestingly, there appears to be a continuum in expression of surface markers between T1 B cells and mature naïve B cells in cord blood and peripheral blood of humans. The phenotype of these "intermediate" B cells is similar to murine T2 B cells 5 . Moreover, their improved survival and capacity to enter cell cycle following anti-IgM stimulation compared to T1 B cells is also indicative of T2 B cells in most murine studies 5, 9, 13 . The presence of these cells in peripheral blood suggests that B cells can mature beyond the T1 stage outside the spleen or that splenic T2 cells are not necessarily retained in the spleen but may exit into the blood to complete their maturation. Since congenitally asplenic humans have normal numbers of mature B cells 61 we favor the former explanation. Extrasplenic maturation of B cells would also explain the prominence of T1 and "intermediate" B cells in cord blood, since fetal bone marrow is the major site for B cell lymphopoiesis from mid gestation 22 yet the spleen is not fully functional until weeks after birth. Soluble factors such as IL-4 and cellular interactions with stromal cells may contribute to the survival and maturation of T1 B cells to naïve B cells outside the spleen. Extra-splenic B cell maturation may also occur in mice, since mice with congenital or experimentally induced asplenia have grossly normal B2 cells 62 .
In SLE patients, the homeostasis of the peripheral B cell subsets is clearly disturbed with increased frequencies of circulating IgD-CD38hi CD27hi plasma cells, and decreased IgD+ naïve and memory B cells 40, [63] [64] [65] . In this study we also found that SLE patients have increased proportions of immature T1 B cells with some patients having extremely high frequencies. In support of our data, a recent study reported increased frequencies of CD21lo, CD24hi, CD38hi B cells in SLE patients 40 . Increased frequencies of IgD+ CD38hi B cells were also found in the peripheral blood of patients with primary Sjögren's syndrome 18 . Almost twenty years ago, increased frequencies of 'immature' B cells were also reported in 1/16 common variable immunodeficiency (CVID) patients and most X-linked agammaglobulineamia (XLA) patients, using a monoclonal antibody HB7 (which was later found to bind CD38) 66 . More recently, a CD19+, IgMhi, CD24hi, CD38hi population (described as 'pre-GC' B cells) was found in blood of CVID patients 67 , and "immature" CD38hi CD10+ B cells were also reported in blood of Immunodeficiency, centromeric region instability, and facial abnormalities disease (ICF) patients 39 . Although the precise phenotype of these cells was not analyzed, it is likely that each of these represented T1 B cells and that this population is elevated in selected autoimmune diseases and immunodeficiency syndromes.
We initially considered the possibility that increased T1 B cells in SLE patients might result from dysfunctional bone marrow production that in turn could be responsible for the generation of B cells with autoreactive specificities. Although the proportions of B cells with a T1 B cell phenotype were increased in SLE, the absolute numbers were comparable with controls indicating that the bone marrow production in SLE patients is normal. The productive Ig heavy chain gene repertoire from SLE T1 B cells was similar to T1 B cells from control blood and bone marrow. However, there was a clear repertoire shift between bone marrow pre/pro B cells and T1 B cells that suggests selection, whether positive for a functional Ig heavy and light chain pairing or negative against autoreactive specificities, is intact in the SLE patient we examined. It was recently found that most polyreactive B cells are removed in the bone marrow in normals, but 40% of IgM+ CD10+ B cells (which would include T1 B cells and "intermediate" B cells) and 20% of mature naive B cells are autoreactive 68 . However, these B cells are likely to have low affinity receptors and it is not known whether they can respond to antigen or if they are functionally anergic. We did not detect a shift in the repertoire between T1 and naïve B cells suggesting either transitional B cells were not targeted for negative selection, or perhaps changes were too subtle to detect. However, we did detect further change in the CDR3 length once B cells had responded to antigen, upregulated CD27 and undergone somatic hypermutation. It is likely that abnormalities at later stages of B cell differentiation are more important in contributing to the generation of autoantibodies in patients with SLE.
